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The heavy metal cadmium is a non-degradable pollutant. By screening the effects of a panel of metal ions on 
the phosphatase activity, we unexpectedly identified cadmium as a potent inhibitor of PPM 1 A and PPMIG. 
In contrast, low micromolar concentrations of cadmium did not inhibit PPl or tyrosine phosphatases. 
Kinetic studies revealed that cadmium inhibits PPM phosphatases through the Ml metal ion binding site. In 
particular, the negative charged D441 in PPMIG specific recognized cadmium. Our results suggest that 
cadmium is likely a potent inhibitor of most PPM family members except for PHLPPs. Furthermore, we 
demonstrated that cadmium inhibits PPMlA-regulated MAPK signahng and PPMlG-regulated AKT 
signaling potently in vivo. Cadmium reversed PPMlA-induced cell cycle arrest and cadmium insensitive 
PPMIA mutant rescued cadmium induced cell death. Taken together, these findings provide a better 
understanding of the effects of the toxicity of cadmium in the contexts of human physiology and pathology. 



Cadmium, the 48th element in the periodic table of the elements, is a bluish-white, soft, malleable metal that 
was discovered in the early 19th century as a minor component of zinc ores. Since its discovery, cadmium 
has been used in red, orange, and yellow pigments and as a coating for alloys, a source of blue-ultraviolet 
laser light and a sensor of infrared light. Currently, most cadmium is used in nickel-cadmium batteries, the 
consumption of which is approximately 20000 tons per year worldwide. 

Cadmium has long been recognized as a hazardous material, and its use has been restricted in Europe since the 
1980s by the "REACH Regulation". Individuals in the USA ingest approximately 30 |j,g of cadmium per day 
through eating or smoking, and people in Asian countries such as China or Japan consume considerably higher 
amounts'. In addition to daily consumption, cadmium exposure can result from the disposal of electronic 
components and uncontrolled mining operations. For example, cadmium pollution in the Jinzu River led to 
itai-itai disease and renal abnormalities^. Recently, the leakage of cadmium in the Guangxi region has been 
reported in China^. Human exposure to cadmium can lead to hypertension, cancer, organ dysfunction, and 
immune system disorders. After an acute exposure, the half-life of cadmium in the human body is approximately 
20-30 years'* ''. Cadmium has no known physiological role in higher organisms, although it can substitute for zinc 
in carbonic anhydrases in marine diatoms living in habitats with very low zinc concentrations'. 

The mechanism leading to cadmium toxicity is complicated, and multiple cellular targets have been reported. 
For example, cadmium inhibit the functions of zinc finger proteins'*, regulate intracellular calcium' '"'j alter ROS 
signaling and inhibit DNA repair'"*. In addition, it has been shown that cadmium exposure affects phosphoryla- 
tion cascades. Specifically, all three major MAPK signaling pathways — ERK, P38 and JNK — can be activated by 
cadmium in different cellular contexts'"""; however, the mechanism remains elusive. In cells, protein phosphor- 
ylation is precisely regulated by the concerted actions of protein kinases and protein phosphatases'""^". Although 



SCIENTIFIC REPORTS | 3 : 2333 | DOI: 10.1038/srep02333 



1 



long-term exposure to cadmium has been shown to decrease the 
protein levels of PP5 and PP2A-A subunit^', it has not been investi- 
gated whether cadmium can regulate protein phosphorylation by 
directly binding to kinases or phosphatases. A better understanding 
of cadmium's function in biological systems, including the inter- 
action between cadmium and phosphatases, is of great importance 
in treating cadmium exposure-related toxicity. 

The human protein phosphatase superfamily includes approxi- 
mately 100 tyrosine phosphatases and 40 Ser/Thr phosphatases. 
Unlike protein tyrosine phosphatases, which generally utilize an 
intrinsic residue, such as Cys or Asp, as the nucleophile to attack 
the phosphate group, many Ser/Thr phosphatases require a metal ion 
to activate a water molecule to carry out the dephosphorylation 
reaction". Divalent metal ions bind to members of the PPM Ser/ 
Thr phosphatase family and act as either activators or inhibitors^''. 
As a prototype of the PPM family, PPMIA was identified to be 
activated by Mn^* ions but inhibited by Ca^*^^. In the present study, 
we further investigated how metal ions affect catalysis by PPM family 
phosphatases. We found that the VIIb-2B metal ion cadmium is a 
potent inhibitor of PPMIA and PPMIG, with a Ki of approximately 
1 |xM. In addition, the specificity and molecular mechanism of the 
cadmium-mediated inhibition of PPM family phosphatases was 
investigated in vitro and in cells. 

Results 

Profiles of the effects of metal ions on the activities of PPMIA and 
PPMIG. The PPM family phosphatases are a large group of Mg^*- or 
Mn^*- dependent Ser/Thr phosphatases that regulate important 
cellular functions, with at least 17 members in Homo sapiens. All 
members of the PPM family examined to date require metal ions for 
their phosphatase activity due to the essential role of the metals in 
bridging the active site residues of the enzyme to the nucleophilic 
water and in reducing the pK^ of the water's oxygen to promote 
efficient catalysis^^. Although some divalent metal ions, such as 
Mn^*, Mg^*, Fe^* and Co^*, have been shown to efficiently 
activate several PPM family phosphatases, other divalent ions, such 
as Ca^"^ and Zn^"^, are inhibitors of these phosphatases^'. To broaden 
the knowledge of the effects of metal ions on PPM family 
phosphatases, we examined more metal ions in phosphatase assays 
to determine their abilities to activate two PPM family phosphatase 
members, namely, PPMIA and PPMIG. Mg'+, Mn^+, Fe^+, Co^+, 
and Ni^+ activated both PPMIA and PPMIG, whereas other metal 
ions exhibited no detectable or only weak activity (Fig. 1 a) . The metal 
ions with low/no activity might be phosphatase inhibitors that 
competitively occupy the active center and prevent the binding of 
active metals. Therefore, we next examined the inhibition constants 
of these metal ions. The rankings of the inhibition potencies of these 
metal ions for the two tested phosphatases were very similar: Cd^*> 
Zn'+> Hg'+>Ca">Sr'+> (Cr", Ba'+)>Li+ (Fig. lb and c). 

Interestingly, we noticed that metal ions in groups IIA and IIB of 
the periodic table, except for Mg^*, hardly activate PPMIA and 
PPMIG (Supplemental Fig. SI). These inactive metals all have com- 
pletely filled s or d sub-orbitals (Fig. lb, Ic and Supplemental Fig. SI). 
Conversely, most PPMIA or PPMIG activators are transition metals 
that have unfilled d sub-orbitals (Fig. la and Supplemental Fig. SI). 
These observations suggest that the energy and properties of the 
outer sub-orbital electrons of a metal ion are important for that 
metal's ability to activate PPM phosphatases, most likely through 
increasing the negative charge of the water coordinated by these ions, 
to promote the efficient nucleophilic attack of the phosphorous atom 
of the substrate via an Sn2 mechanism (Supplemental Fig. S2). Thus, 
we calculated the atomic net charges of the oxygen atom (O*) inter- 
acting with different metal ions using the semi-empirical PM6 
method^**. The computational results agree well with the activity 
profiles of the metal ions obtained from the phosphatase assay 
(Supplemental Table SI). 



Cadmium is a potent and competitive inhibitor of PPMIA and 
PPMIG. Among the 8 inhibitory metal ions screened, cadmium 
unexpectedly potently inhibited both PPMIA and PPMIG, with a 
Kj below 1 |xM, which is approximately 1 order of magnitude better 
than the Kj of Zn^*, the second most potent inhibitor in this series of 
metals (Fig. lb and Ic). To determine the inhibition mode of Cd^* for 
PPMIA and PPMIG, the effects of Cd^+ on the phosphatase 
hydrolysis reaction were examined using 7 different Mn^* concen- 
trations and 4 different Cd^* concentrations. The Mn^^-dependent 
PPMIA- and PPMlG-catalyzed pNPP hydrolysis reactions inhibited 
by Cd""* displayed the typical intersecting line pattern for competitive 
inhibition, with K; values of 300 nM and 170 nM, respectively 
(Fig. Id and le). The observed competitive mode of inhibition of 
Mn^*-dependent PPM phosphatase activity by Cd^* suggests that 
Cd^* and Mn^* bind in a mutually exclusive manner to the same 
site in the phosphatase active center. 

Cadmium exhibits 3 orders of magnitude better selectivity for the 
inhibition of PPM over PPl. Catalysis by phosphoprotein phos- 
phatases (PPPs) also involves a central role of metal ions. By forming 
functional complexes with their regulatory subunits, 7 human PPP 
family members have diverse phospho-protein substrates and 
regulate many cellular processes^^. To explore the specificity of 
cadmium inhibition, we next examined the effects of metal ions on 
catalysis by PPl, the prototype PPP family member. 

We first looked into the activation of PPl by different metal ions. 
The metal ion concentration-dependent PPl catalysis obeyed the 
Michaelis-Menten saturation kinetics. Therefore, we analyzed the 
metal ion-dependent PPl activation by treating these metal ions as 
pseudo-substrates (Fig. 2a and 2b). Similar to their effects on PPMIA 
and PPMIG, Mn^+, Mg^+, Fe^*, Co^+ or Ni^+ were all activators of 
PPl, with kj.^, values ranging from 0.05 to 10 S"' (Fig. 2b). We next 
examined the inhibitory effects of metal ions on PPl. Zn^*, Cd^*, and 
Hg^* were PPl inhibitors, with K; values ranging from 100 |iM to 
1 mM (Fig. 2c). The inhibitory constant of Cd''* for PPl was 3 orders 
of magnitude higher than the K; for PPMIA or PPMIG (Fig. 2c and 
2d). Similar to PPl, the IC50 of Cd^+ toward another PPP family 
member, PP2A, was 130 \xiA (Supplemental Fig. S3). Therefore, cad- 
mium is a selective inhibitor of PPMIA and PPMIG over the PPP 
family phosphatase PPl and PP2A. 

Cadmium inhibits PPMIA and PPMIG through the Ml metal 
binding site. In the canonical binuclear metal center of PPM Ser/ 
Thr phosphatases, each metal ion is hexa-coordinated by invariant 
active site residues and waters^^. The competitive mode of inhibition 
of Mn^* -dependent PPM phosphatase activity by Cd^* suggests that 
Cd^* inhibits PPM phosphatase activity through at least one of the 
two Mn^* binding sites identified by previous crystallographic 
studies^^'^''. To probe the underlying mechanism by which Cd''* 
inhibits PPM phosphatases, 27 site-directed mutants targeting 9 
conserved active site residues were created to test the effects of 
these mutations on the inhibitory effect of Cd^^ (Fig. 3a, 3b and 
Table 1). The 8 conserved active site residues are grouped into 3 
categories": 1) residues not directly coordinated with the metal 
ions but essential for catalysis (R33 and H62 in PPMIA and R36 
and H62 in PPMIG); 2) residues coordinated with the Ml metal ion 
binding site (D60, D239 and D282 in PPMIA and D60, D441 and 
D496 in PPMIG); 3) residues coordinated with the M2 metal ion 
binding site directly or through a water (E37, D38, D60 and G61 in 
PPMIA and E40, D41, D60 and G61 in PPMIG) (Fig. 3c and 3d). 

The guanine group of PPMIA R33 was shown to mediate the 
phosphate-enzyme interactions in the original PPMIA crystal struc- 
ture""^. We firstly examined the mutating effect of R33 on the intrinsic 
phosphatase activity. Removing the guanine group in PPMIA 
(R33A) or PPMIG (R36A) increased the K„ for pNPP by 2- and 
7-fold, respectively (Supplemental Table S2). The results were con- 
sistent with the previous crystal structure, which revealed that the 
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Figure 1 | Profiles of the effects of metal ions on the phosphatase activities of PPMIA and PPMIG, for which cadmium is a potent and competitive 
inhibitor, (a) k^at of the metal ion-dependent phosphatase activities of PPMIA and PPMIG. AH assays were conducted in Tris/Bis-Tris/acetate buffer at 
pH 8.0 and 25°C. (b-c) Inhibition of PPMIA- and PPMlG-catalyzed pNPP hydrolysis by different divalent metals ions. Colors: Cd" (red), Zn^+ 
(yellow), Hg"+ (green), Ca"+ (light blue), Sr"+ (dark blue), Cr"+ (pink),Ba"+ (orange), and Li+ (purple), (d-e) Double-reciprocal plot (1/V vs. l/[Mn"+]) 
of the effect of Cd^+ on PPMlA/PPMlG-catalyzed pNPP hydrolysis. Mn^+ was the variable substrate, and Cd^+ was the inhibitor (•0, AO.25, O0.5, 
Al.O \iM). The pNPP concentration was held constant at 20 mM. K; (PPMIA) = 0.30 ± 0.02 nM. K, (PPMIG) = 0.17 ± 0.03 \iM. 



guanine group of this arginine forms a salt bridge with the phosphate 
group. The R to A mutation in PPMIA and PPMIG also decreased 
the k^at slightly but did not change the K^etai for Mn^*, suggesting 
that these mutations did not disrupt the overall structures of the 
phosphatases (Table 1 and Supplemental Table S2). We next exam- 
ined the effects of these mutations on Cd^* inhibition. No significant 
effects on Kj were observed (Table 1). 

Although the above experimental results indicate that R33 of 
PPMIA is important for efficient substrate hydrolysis, R33 is not a 
well- conserved residue among PPM phosphatases. Among the 
17 PPM phosphatase members, 5 members have a lysine and 2 
others have an asparagine at corresponding residue 33 of PPMIA 
(Fig. 3e). Therefore, we assessed the catalytic activity and Cd^* bind- 
ing for the R33K and R33N mutants of PPMIA. Similar to the R33A 
mutant of PPMIA, the R33K and R33N mutants of PPMIA exhib- 
ited decreased phosphatase activity as the result of both a higher K^j 



and a lower k^at (Supplemental Table SI), but these mutations had 
little effect on Mn^^ binding or Cd""* inhibition (Table 1). 

We then tested mutations of H62, which has been suggested to 
behave as the general acid in the cleavage of the P-0 bond during 
catalysis". Both H62A and H62N decreased the PPMIG phospha- 
tase activity by approximately 6-fold by reducing the k^at but had no 
effects on K„„ in good agreement with the major role of this residue 
in product conversion (Supplemental Table S2). The H62 mutations 
had little effect on Mn^* binding or Cd''* inhibition (Fig. 3a and 3b). 
Taken together, these results demonstrate that the conserved cata- 
lytic residues that are not part of the metal binding sites, such as R33 
and H62 in the PPMIA, are important for phosphatase activity but 
do not participate in Cd^* binding. 

In the metal ion binding sites of PPMIA, the two metal ions are 4 
A apart and are bridged by the combination of a nucleophUic water 
and the conserved catalytic residue Asp60 (Fig. 3c and 3d)^''. The 
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Figure 2 | Kinetic analysis of the effects of metals on PPl. (a) Mn^* concentration-dependent activation of the PPl phosphatase. The Mn^* 
concentration was varied in the presence of saturating levels of pNPP. The rates (V) were determined by measuring the pNP concentration at 405 nm. The 
data were fitted to the Michaelis-Menten equation. The assays were performed in Tris/Bis-Tris/acetate buffer, pH 8.0, 25 'C. (b) k^at of the metal ion- 
dependent activity of PPl. (c) K; values for the inhibition of PP 1-catalyzed pNPP hydrolysis by different divalent metal ions. (Metals with K; > 1 mM were 
not determined), (d) Double-reciprocal plot (1/V vs. l/[Mn^*]) showing the effects of Cd^* on PPl-catalyzed pNPP hydrolysis. Cd^* was the inhibitor, 
and Mn^+ was the variable substrate (• 100, ■200, A300, T400 ^M). The concentration of pNPP was held at 20 mM. K; (PPl) = 120 ± 20 ^M. 



D60A and D60N mutations in both PPMIA and PPMIG signifi- 
cantly reduced the phosphatase activities of these proteins but had 
subtle effects on the for pNPP (Supplemental Table S2). The 
mutation of D60 may perturb the metal ion center, changing the 
negative charge of the nucleophilic water and reducing its k^-a,. 
Conversely, the small effect of D60 on the for pNPP indicates 
that this residue does not affect the binding of the small substrate or 
the overall protein structure. Consistent with the position of D60 in 
the active site, the D60A and D60N mutations decreased both 
Mn""* binding and the inhibitory potency of Cd''* by 1 to 2 orders 
of magnitude (Table 1). Compared with the D60A mutant, the 
D60N mutant has an oxygen atom replaced by a nitrogen atom, 
which decreases the negative charge of the residue but retains its 
polar nature (Fig. 3c and 3d). The significant impairment of Cd^*- 
mediated inhibition by both D60A and D60N demonstrates that 
both the side chain and the negative charge of D60 are required for 
Cd^"^ coordination. 

In addition to D60, D239 and D282 in PPMIA (D441 and D496 in 
PPMIG) directly coordinate metal Ml (Fig. 3c and 3d). The D239A, 
D239K, and D282A mutations in PPMIA, together with the D441A, 
D441N, D496A, and D496N mutations in PPMIG, had little effect 
on the Kn, for pNPP but reduced the k^^t by 100- to 1000-fold 
(Supplemental Table S2). Therefore, the residues coordinated to 
the metal in the Ml metal site are required for efficient catalysis 
but are not essential for substrate binding. 

We then investigated the effects of these mutations on Mn^* bind- 
ing and Cd^^ inhibition. The elimination of the side chains of these 



aspartic residues resulted in the loss of Cd"'^- mediated inhibition by 
more than one order of magnitude (Fig. 3a and 3b). To only reduce 
the negative charge of these conserved residues, the aspartic acid was 
substituted with lysine or asparagine. The inhibitory activities of 
Cd^+ on the D239K mutant of PPMIA and the D441N and 
D496N mutants of PPMIG were reduced by more than 45-fold 
(Table 1 and Fig. 3). Although most of the mutations also affected 
Mn^+ binding, the for Mn^+ of the PPMIG D441N mutant was 
not significantly different from that of the wild-type enzyme 
(Table 1). The D441N mutation only reduced the negative charge 
of the residue and retained its polar nature. This result suggests the 
possibility that the negatively charged D441 residue in PPMIG has a 
role in recognizing cadmium over other metal ions. We then mea- 
sured the inhibitory effects of different metal ions on the D441N 
mutant of PPMIG, and we compared the IC50 values with those of 
the wild-type enzyme. The D441N mutation decreased the levels of 
inhibition by Cd^*, Zn^*, Ca^* and Sr^"^ by more than 10-fold but 
increased the levels of inhibition by Hg^"*", Cr^"*" and Li* by between 2- 
and 7-fold (Fig. 3f and 3g). Therefore, the above results indicate that 
the unique properties of the Ml metal ion binding site contribute to 
the inhibitory activities of Cd^*. In particular, the negative charge of 
D441 imparts selectivity for coordinating Cd^*, Zn''*, Ca^* and Sr^* 
but is not required for binding to several other metal ions, such as 
Mn^+, Hg'+ and Cr'+. 

Next, we examined the effects of mutations in the M2 metal ion 
binding site on the inhibitory activity of Cd^*. The M2 metal ion is 
coordinated by a nucleophilic water, D60, the carbonyl oxygen from 
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Figure 3 | Cadmium inhibits PPMIA and PPMIG through the Ml metal ion binding site, (a-b) Column graph oftheK; values of Cd^* for the wild-type 
enzymes and the PPMIA and PPMIG mutants. All assays were performed in Tris/Bis-Tris/acetate buffer with Mn^* as the variable substrate at saturating 
levels of pNPP. Colors: Residues that exclusively coordinate with the M2 metal binding site are red, residues that exclusively coordinate with the Ml 
metal binding site are blue, and residues shared by the Ml and M2 sites are green. Residues not associated with the metal ion centers are purple, 
(c-d) Schematic representation of the active center of human PPMIA and PPM IG based on the X-ray crystal structure reported by Das et aP^. (e) Multiple 
amino acid sequence alignment of human PPMIA and PPMIG with the signature sequence motifs of all other members of the PPM family in humans. 
The amino acids of PPMIA and PPMIG are numbered on the top and bottom, respectively. The residues that bind to the metal ions or phosphate ions are 
shown in red and blue, respectively, (f) IC50 values of different divalent metal ions for the inhibition of the PPMIG D441N mutant and their relative ratio 
compared with wild-type PPMIG. (g) Concentration-dependent inhibition of D441N activity on pNPP by Cd^*. 



G61 and three waters that interact with the phosphate oxygen, E37 
and D38 of PPMIA (E40 and D41 of PPMIG) (Fig. 3c and 3d). 

In the crystal structure of PPMIA, the side-chain oxygen of E37 
participates in a water- mediated H-bond network with either the M2 
metal ion or the oxygen of the phosphate (Fig. 3c and 3d). The E37A 
mutation in PPMIA or in PPMIG decreased the kcat by 2-3-fold but 



had little effect on the K^, (Supplemental Table S2). We also exam- 
ined the effects of the E37C and E37L mutations in PPMIA and the 
E40Q mutation in PPMIG to mimic other PPM phosphatases 
(Fig. 3e). Similar to what was observed for the E37A mutation, the 
change in polarity caused by the E37C and E37L mutations in 
PPMIA decreased the k^at but had little effect on the K,„. The 
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Figure 4 | Cadmium selectively inhibits the hydrolysis of protein and peptide substrates by PPMIA and PPMIG. (a) Cadmium affects the 
dephosphorylation of pp-ERK2 by the tyrosine phosphatase STEP and phosphatases of the PPM famUy, PPMIA and PPMIG in vitro. The assays were 
performed in Tris/Bis-Tris/acetate buffer at pH 8.0 and 37°C with 1.5 |^M Cd^* and 1 mMMn^*. The reactions were initiated by adding the phosphatases. 
The status of ERK phosphorylation was determined using a phospho-ERK antibody, (b) Statistical analysis of the dephosphorylation of pp-ERK2 by 
different phosphatases (Fig. 4a). All experiments were repeated in triplicate. ** P<0.01. (c) The enzyme- catalyzed hydrolysis of phospho-peptides 
derived from pp-ERK2 (TGFLpT^"^EpY^"VATR) and pp-P38 (TDDEMpT"'"GpY"'^VAT). O: PPMlA-catalyzed hydrolysis of ppERK2, A: PPMIG- 
catalyzed hydrolysis of ppERK2, • : PPMlA-catalyzed hydrolysis of pp-P38, A: PPMlG-catalyzed hydrolysis of pp-P38. (d) Column graph of the k^a,/ 

values of PPMIA and PPMIG for the dephosphorylation of phospho-peptides derived from pp-ERK and pp-P38 (Fig. 4c). (e) Concentration 
dependence of the inhibition of PPMIA- and PPMIG- catalyzed hydrolysis ofphospho-peptidesbyCd^*. AH labels are exactly the same as those in Fig. 4c. 
(f) Column graph of the IC50 values of Cd^* for the dephosphorylation of pp-ERK and pp-P38 peptides by PPMIA and PPMIG, derived from the data in 
Fig. 4e. (g) Effects of Cd^+ on the dephosphorylation of the pp-ERK2 protein by wild-type PPMIA and its mutants (PPMIA D282A and PPMIA D239K) 
in vitro, (h) Statistical analysis of the dephosphorylation of pp-ERK2 by PPMIA and its mutants (Fig. 4g). All experiments were repeated in triplicate. 
** P<0.01. 



PPMIG E40Q mutation slightly decreased both the k^^, and but 
had no effect on the overall k^at/Km value. Taken together, these 
results indicate that the polarity of E37 (E40 in PPMIG) contributes 
to the catalytic efficiency. 

We then analyzed the binding of metals to E37 mutants (E40 in 
PPMIG). The 5 tested E37 (E40 in PPMIG) mutations did not 
reduce the K^jetai of Mn^* but increased the binding of Cd^^ by 
approximately 2-fold (Table 1). Therefore, E37 in the M2 metal 
ion site does not contribute to the binding of Cd^*. 

D38 of PPMIA also forms a water-mediated H-bond with the M2 
metal ion (Fig. 3c). Three PPM phosphatases have K or V at the 
position corresponding to D38. The D38A and D38V mutation in 
PPMIA had slight effects on the k^^, and increased the K„ by 
between 1.5- and 2 -fold. The D38 mutations might affect the K„ 
of pNPP by perturbing the interaction between the metal ion and 
the phosphate. In addition to D38 and E37 in PPMIA, the carbonyl 
oxygen of G61 directly coordinates with the M2 metal ion (Fig. 3c). 
The G61A mutation decreased the k^^t by 10-fold and increased the 
Km by 2-fold for pNPP (Supplemental Table SI). The essential role of 
G61 in catalysis agrees well with its conserved nature among all PPM 
family members (Fig. 3e). 

Interestingly, although the D38V and G61A mutations increased 
the Kmetai of Mn^* by 3- and 5-fold, respectively, they had less drastic 
effects on Cd^* inhibition (Table 1). These results indicate that the 
M2 metal ion binding site residues contribute to catalysis and Mn^* 
binding but are not determinants of Cd^* inhibition. 

Taken together, the results of the mutagenesis and kinetic studies 
demonstrate that the inhibitory effect of Cd^* on PPM family phos- 
phatases are mediated through the unique effect of this ion on the Ml 



metal ion binding site, and one of the special cadmium-binding 
features is the negative charge of the conserved D441 residue of 
PPMIG (Fig. 3c and 3d). 

Cadmium selectively inhibits the hydrolysis of protein and peptide 
substrates by PPMIA and PPMIG over the activity of other 
tyrosine phosphatases. The human genome encodes at least 140 
protein phosphatases. In addition to the PPM and PPP phospha- 
tase families, there are more than 100 human protein phosphatases 
that belong to the protein tyrosine phosphatase (PTP) superfamUy. 
These enzymes utilize the active site Cys to nucleophUicaUy attack the 
phosphorous atom of the substrate and do not require a metal ion for 
activation^". To further test the selectivity of Cd"'^ for PPM family 
phosphatases over PTPs, we compared the inhibitory effects of Cd^* 
on the PPM1A-, PPMIG- and striatum- enriched phosphatase 
(STEP)-catalyzed hydrolysis of purified dual-phosphorylated ERK 
(extracellular signal regulated kinase) protein, which has been 
shown to be a physiological substrate of both STEP and PPMIA in 
previous studies by us and by others^' This experiment showed 
that 1.5 |tM Cd^+ substantially blocked the PPMIA- and PPMIG- 
catalyzed dephosphorylation of phospho-ERK but had no effect on 
STEP (Fig. 4a and 4b). This result suggests that the inhibitory activity 
of Cd^* is specific for the PPM family and that this metal is not an 
inhibitor of the Cys-based PTP superfamUy. 

Phosphorylated P38 (pp-P38) is also an established physiological 
substrate of PPMIA in response to stress stimulation''^. Without puri- 
fied pp-P38 available, we examined the phosphatase activities of 
PPMIA and PPMIG on phospho-peptides derived from pp-ERK 
(TGFLpr°"EpY™VATR) and pp-P38 (TDDEMpT"'°GpY"'"VAT) 
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Figure 5 | Cadmium suppresses PPMIA and PPMIG activity in cells. HEK293 cells were incubated in DMEM supplemented with 10% FBS and 
transiently transfected with pcDNA3.1-flag-PPMlA or pcDNA3.1-flag-PPMlG. Sub-confluent HEK293 cells were serum-starved in DMEM for 12 h, 
incubated for 6 h with or without 1.5 |^M CdCl2 and then treated with different stimulators. Cell lysate supernatants were prepared and analyzed by 
immunoblotting with specific antibodies. The data are from at least three experiments. O cells stimulated with EGF or sorbitol compared with 
unstimulated HEK293 cells; O : P<0.05, O O : P<0.01. *: overexpression of PPMIA or PPMIG in HEK293 cells compared with control vectors; *: P< 
0.05, **: P<0.01. #: Cells treated with CdCla compared with cells not treated with a metal ion; #: P< 0.05,##: P<0.01. (a and d) Cells were transfected with 
PPMIA or a control plasmid and then stimulated with sorbitol (0.4 M, 20 min, 37°C) or EGF (5 ng/ml, 5 min, 37°C) after incubation with or without 
1.5 |iM CdCl2. The levels of phosphorylated JNK, P38, and ERK were monitored by immunoblotting with specific antibodies. Actin was used as a loading 
control, (b, c and e) Statistical analysis of the data presented in panels a and d. (f) Cells were transfected with wild-type PPMIG and stimulated with 5 ng/ 
ml EGF for 5 min at 37°C after incubation with or without 1.5 ^M CdCl2 for 6 h. The level of phosphorylated AKT(473) was monitored by 
immunoblotting with specific antibodies, (g) Statistical analysis of the data in panel f (h) Cells were transfected with the control, PPMIA, or PPMIA 
D239K plasmid and then stimulated with sorbitol (0.4 M, 20 min, 37°C) after incubation with or without 1.5 |J,M CdCl2. The levels of phosphorylated 
JNK, P38 were monitored, (i and j) Statistical analysis of the data in panel h. 



(Fig. 4c and 4d). PPMIA and PPMIG exhibited similar and reasonable 
phosphatase activities for the pp-ERK and pp-P38 phospho-peptides, 
with kj-^t/Km values ranging from 10000 to 30000 We then 
tested the inhibitory activity of Cd^+ on the PPMIA- and PPMIG- 
catalyzed hydrolysis of these phospho-peptide substrates. The IC50 
of Cd^^ for these phospho-peptide substrates was in the low 
micromolar range, similar to the values for the hydrolysis of the 
small artificial substrate pNPP (Fig. 4e and 4f). 

Kinetic and mutagenesis studies have revealed that Cd^* inhibits 
PPMIA and PPMIG through the Ml metal binding site. Therefore, 
mutations in the Ml binding site might make these proteins less 
sensitive to Cd^* inhibition. The Kj values for the D282A and 
D239K mutants of PPMIA for pNPP were 128 \iM and 86 jtM, 
respectively, indicating that the strength of the inhibition was 
approximately 2 orders of magnitude weaker than that of the wild- 
type enzyme (Table 1). To corroborate the lower sensitivity of these 
mutants to Cd^* inhibition, we tested the inhibitory effects of Cd^* 
on ERK dephosphorylation. Wild-type PPMIA efficiently depho- 
sphorylated dual-phosphorylated ERK, and 1.5 |tM Cd"'^ blocked 
this activity (Fig 4g and h). For the D282A and D239K mutants, 
the dephosphorylation was minimally affected by the addition of 



1.5 \xM Cd^^ (Fig. 4g and 4h). Taken together, these results confirm 
that Cd^* is an efficient inhibitor of phosphate removal from protein 
and peptide substrates by PPM family phosphatases and that Ml 
binding site mutants of PPM family phosphatases are insensitive to 
Cd^* inhibition. 

Cadmium suppresses PPMIA- and PPMlG-regulated signaling 
pathways in cells at a low micromolar concentration. Given the 
observed effects of Cd""^ on the phospho-peptide and protein 
substrates of PPMIA and PPMIG in vitro, we proceeded to evalu- 
ate the ability of Cd""* to inhibit these two phosphatases inside cells. 
Previous studies have demonstrated that PPMIA negatively regu- 
lates osmotic stress signaling pathways by directly binding to and 
dephosphorylating phospho-P38 and phospho-JNK-P^'. Similar to 
previous observations, the overexpression of PPMIA by approxi- 
mately 2-fold relative to the endogenous protein level in HEK293 
cells significantly blocked sorbitol- induced P38 and JNK- 1 phospho- 
rylation. This result was drastically reversed by the application of a 
low micromolar concentration of Cd^* (Fig. 5a, 5b and 5c). 

Recently, our group and other researchers have reported 
that PPMIA negatively regulates NGF- and EGF-induced ERK 
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Figure 6 | Cadmium reverses the effect of PPMIA on G2/M-phase arrest, (a) Representative images of tiie cell cycle distribution of HEK293 cells in the 
presence of CdCl2 or overexpressed PPMIA. HEK293 cells transfected with pcDNA3 . 1 -flag-PPM 1 A were synchronized by serum starvation. The cell cycle 
was resumed by adding DMEM containing 10% FBS, and the cells were stimulated with 1.5 |rM CdCl2 for 24 h. The cells were then analyzed to 
determine the DNA content by propidium iodide (PI) staining and flow cytometry. Experiments were repeated at least three times. Red peak (left): Go/Gi 
fraction of the aneuploid HEK293 cells; small red peak (right): G2/M fraction; area between the left red peak and the right red peak: S phase fraction of the 
aneuploid HEK293 cells, (b) Bar chart showing the percentage of cells in G2/M phase. *: PPMlA-overexpressing cells compared with control cells, 
P<0.05; #: Cd^^-treated cells compared with untreated cells. P<0.05. (c) Western blot results for the overexpression of PPMIA in transfected HEK293 
cells. Flag-PPMIA protein expression was detected by the Ml-Flag antibody. 



phosphorylations^'^*. Therefore, we tested the inhibitory activity of 
Cd^^ on PPMIA in EGF-stimulated ERK signaling in HEK293 cells. 
The overexpression of PPMIA resulted in a reduction of ERK phos- 
phorylation at the pTS"s/pYS°'' site by half. This effect could be 
reversed by adding 1.5 |J,M Cd^* (Fig. 5d and 5e). 

Next, we accessed the inhibitory effects of Cd^* on PPMIG. 
Previous studies have revealed that PPMIG positively promotes 
AKT phosphorylation'^. As predicted, the overexpression of 
PPMIG promoted AKT phosphorylation at pT"". When 1.5 [iM 
Cd^^ was added, the effect of PPMIG on AKT phosphorylation 
was completely blocked (Fig. 5f and 5g). 

To verify that the effects of Cd''* on MAPK phosphorylation cas- 
cades are mediated through the inhibition of PPMIA and not non- 
specific interactions with other cellular components, we utilized the 
Cd^^ insensitive D239K mutant of PPMIA, which was identified in 
in vitro enzymology studies. Although D239K had a lower k^at for the 
small artificial substrate pNPP, the overexpression of D239K by 5- 
fold relative to endogenous PPMIA still significantly blocked sorbi- 
tol- induced P38 and JNK-1 phosphorylation (Fig. 5g). In contrast to 
the results for the wild-type enzyme, for which 1.5 |J,M Cd^* reversed 
the decreased P38 and JNK-1 phosphorylation, 1.5 |iM Cd^* had 
much weaker effects on the D239K mutant of PPMIA (Fig. 5g, 5h 
and 5i). Therefore, a low micromolar concentration of Cd''* antag- 
onizes the MAPK phosphorylation cascade by directly inhibiting 
PPM family phosphatases in cells. 

Cadmium reverses the function of PPMIA on cell cycle and D239K 
mutant of PPMIA rescued cadmium-induced PC 12 cell apoptosis. 

PPMIA regulates multiple cellular functions, such as the stress 
response, apoptosis, and cell cycle progression''''''". To further 



validate the regulatory effect of Cd^* on the fiinction of PPMIA, 
we firstly assessed the effect of Cd^* on the cell cycle in HEK293 
cells. The overexpression of PPMIA in HEK293 cells led to the 
pronounced accumulation of cells in G2/M phase, with an approxi- 
mately 100% increase compared with control cells (Fig. 6a and 6b). 
The addition of 1.5 )iM Cd^* greatly reversed the increase in the 
proportion of cells in G2/M. We next monitored the effect of Cd^* 
on apoptosis. Similar to previous observation, application of 1.5 or 
2.5 \iM Cds+ induced PC12 cell apoptosis". While Cd^* did not 
promote PC12 cell apoptosis with the overexpression of the Cd^* 
insensitive mutant D239K, validating the concept that Cd^* can regu- 
late PPMIA fimctioning by inhibiting its activity in cells (Supple- 
mental Fig. S5). 

Discussion 

Cadmium is a non-degradable heavy metal with a long biological 
half-life (15-30 years). Long-term exposure to the cadmium results 
in its accumulation in human organs, leading to different diseases, 
such as hypertension, cancer, organ dysfunction, immune or neur- 
onal system disorders. However, the mechanism underlying the tox- 
icity of cadmium is complicated due to its multiple cellular targets, 
and exposure of cadmium with different durations or concentrations 
produce distinct cellular phenotypes. For example, 0.1 ~ 10 \xM 
cadmium exposure cause cell apoptosis, while higher concentration 
of cadmium results in necrosis". One reason for these observations is 
the different affinity of cadmium for metal proteins. Therefore, elu- 
cidation of the cadmium interacting proteins and their affinity for 
cadmium are important in understanding the toxic mechanism of 
cadmium. 
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Numerous studies have found that cadmium exposure altered 
phosphorylation cascades. However, its underlying mechanism 
remains elusive. Recent studies have disclosed that cadmium regu- 
lated protein phosphorylation through diminution of the protein 
levels of PP5 and PP2A-A subunit^'. However, whether the cadmium 
could perturb the phosphorylation cascades through directly acting 
on phosphatases, have never been investigated. 

In this study, we unexpectedly uncovered that cadmium potently 
inhibited two PPM phosphatase members, PPMIA and PPMIG 
(Fig. lb and Ic). In contrast, cadmium did not inhibit the Ser/Thr 
phosphatase PPl and PP2A, or other tyrosine phosphatases in the 
low micromolar range (Fig. 2c ,4a and S4). In cells, application of 
1.5 |xM cadmium arrested the effects of PPMIA on MAPK signaling, 
while it has no effect for the cadmium insensitive PPMIA mutant, 
the D239K, identified through mutagenesis and kinetic studies in 
vitro (Fig. 5). Application of cadmium insensitive mutant D239K 
of PPMIA rescued cadmium induced apoptosis, similar to the effect 
of overexpression of PP2A (Supplemental Fig. S5)^'. While previous 
studies identified that cadmium regulated phosphorylation cascades 
through decreasing the protein level of PP2A or PP5, our results 
revealed a new mechanism of cadmium action, through direct inter- 
acting and blocking PPM phosphatases. 

All PPM phosphatases have two metal ion centers which are 
required for their activity. Through the examination of 27 mutations 
in the active site of PPMIA and PPMIG, we revealed that cadmium 
inhibits PPM phosphatases through the Ml metal ion binding site 
(Fig. 3). In particular, the negative charge of the conserved D441 
residue in PPMIG is involved in the specific recognition of cadmium, 
but is not required for manganese binding. In addition to cadmium, 
removing the negative charge by D441N also decreased the binding 
of PPMIG to Zn'+, Ca'-*- and Sr^+. Conversely, D441N mutant 
increased its binding to Hg^* , Cr^* and Li* (Fig. 3f and g). 
Among all metal ions tested, cadmium exhibits strongest binding 
to wild type PPMIG, with K; of 170 nM (Fig. 1). While the D441N 
mutant changed its metal ion inhibition profiles. Its strongest inhib- 
itor was Hg^*, instead of Cd""* (Fig. 3f). Therefore, both the shape and 
the property of the metal ion coordinated residues in the active site of 
PPM phosphatases defined the selectivity for the metal ions, and 
other residues may also contribute to specific recognition of the 
cadmium. Further biochemical characterization or complex crystal 
structure of cadmium with the PPM phosphatase could provide 
details for cadmium recognition. 

Moreover, among the 9 mutations of the conserved active site 
residues that mimic the different PPM phosphatase family members 
(R33K, R33N, E37C, E37L, D38K, D38V, D239K and G240A in 
PPMIA and E40Q in PPMIG), only D239K drastically decreased 
the Cd^* inhibitory activity (Fig. 3e and Table 1). The phosphatases 
corresponding to the D239K mutation are PHLPPl and PHLPP2, 
indicating that these phosphatases may be less sensitive to inhibition 
by Cd^* (Fig. 3e). Consistent with this hypothesis, the IC50 of Cd^* 
for the PHLPP2 catalytic domain was 3 mM, 4 orders of magnitude 
higher than the IC50 values for PPMIA and PPMIG (Supplemental 
Fig. S3). With the exception of D239, all other residues in the Ml 
metal ion binding site are identical among the 17 PPM phosphatase 
members. Thus, we hypothesized that Cd^* might be a general potent 
inhibitor of most PPM phosphatase family members except for 
PHLPPl and PHLPP2. 

Taken together, our results revealed a novel effect of cadmium on 
PPM phosphatases. These findings provide a better understanding of 
the effects of metal ions on PPM phosphatases and the toxicity of 
cadmium in the contexts of human physiology and pathology. 

Methods 

Materials. Para-nitrophenyl phosphate {pNPP, 4264-83-9) was obtained from 
Sangon Biotech Co., Ltd. (Shanghai, China). The phospho-peptides derived from pp- 
ERK2 (TGFLpT""EpY»''VATR) and pp-P38 (TDDEMpT'"GpY""VAT) were 
purchased from China Peptides Co. (China). The BIOMOL Green^'^ Reagent for 



Phosphate Detection, BML-AKlll, was from Enzo Life Sciences. The Ni-NTA 
agarose was from Amersham Pharmacia Biotech. The Biis-probe (H-3) HRP antibody 
and p-JNK (G-7) (pT"*VpY^^^) antibody were from Santa Cruz Biotechnology. The 
DYKDDDDK Tag antibody, the P-p38 MAPK (pT'™/pY"^) antibody, the phospho- 
Akt (Ser*") antibody and the P-p44/42 MAPK (ERKpT^VpY™) antibody were 
purchased from Cell Signaling Technology. CdCl2, MnCl2, MgCl2, and most other 
chemicals were obtained from Sangon Biotech (Shanghai) Co. and Sigma. PP2A 
protein were from Millipore. 

Mutagenesis and constructs. The full-length human PPMIA cDNA was a generous 
gift from Professor Patricia T. W. Cohen at the MRC Protein Phosphorylation Unit, 
University of Dundee, Scotland. The cDNAs of human PPMIA, PPMIG and 
PHLPP2 (catalytic domain, residues 784-1033) were subcloned into the PET-30a 
expression vector with an N-terminal His tag, as described in a previous paper""*. To 
express PPMIA and PPMIG in mammalian cells, human full-length wild-type 
PPMIA and PPMIG were subcloned into the pcDNA3.1 vector containing an N- 
terminal Flag tag. The PPMIA mutants (R33A, R33N, R33K, E37A, E37C, E37L, 
D38A, D38K, D38V, D60A, D60N, G61A, D239A, D239K, G240A and D282A) and 
PPMIG mutants (R36A, E40A, E40Q, D60A, D60N, H62A, H62N, D441A, D441N, 
D496A and D496N) were generated using the QuikChange mutagenesis kit obtained 
from Stratagene"*^. The PAGE-purified oligonucleotide primers were purchased from 
Beijing Genomics Institute (China). AH PPM mutations were verified by DNA 
sequencing. 

Phosphatase Assays. Para-nitrophenyl phosphate (pNPP, Bio Basic) was used in 
enzymatic reactions to determine the intrinsic catalytic activities of PPMIA, PPMIG 
and their mutants'". All assays using pNPP as the substrate were performed m a 
reaction buffer containing 0.05 M Tris, 0.05 M Bis-Tris and 0.1 M acetate at 25 'C, 
pH 8.0. To determine the k^at arid kcat/Km values, the initial rates were measured at 
various substrate or pseudo-substrate concentrations. The enzyme-catalyzed 
dephosphorylation was halted by the addition of 0.5 M EDTA, pH 10.0, and the 
catalytic activity was detected by monitoring the absorbance of para-nitrophenol at 
405 nm. Initial linear rates were determined using the molar extinction coefficient (e) 
of 16.3 mM"' cm"' for the product p-nitrophenol (pNP) at 405 nm at pH 8.0. The 
acquired data were fitted to Equation 1 with GraphPad Prism software. 



In our study, Mn''^ was used for the majority of the kinetic studies because of its high 
specific activity and relative stability. Fe''^ was largely avoided because it is easily 
oxidized. To determine the kinetic parameters k^-^t and Kmetai, Mn^^ concentrations 
ranging from 1 to 100 mM were used under saturating concentrations of pNPP (10- 
40 mM). 

Cadmium inhibition assay. The K, values for the inhibition of PPMIA, PPMIG and 
mutants by Cd''^ were measured using pNPP as the substrate in a buffer containing 
0.05 M Tris, 0.05 M Bis-Tris and 0.1 M acetate at 25°C, pH 8.0, and varying 
concentrations of MnCl2. The data were fitted to the Lineweaver-Burk equation 

1/V = (K„ + [S])/(V„„*[S]) 

(2 

= (K„/V„„)*(1/[S])-H/V 

max 

Dephosphorylation of Protein Substrates in vitro. The dephosphorylation of a 
recombinant phosphorylated ERK2 protein by PPMIA, D239K or D282A mutant of 
PPMIA, and PPMIG was performed in a reaction buffer containing 0.05 M Tris, 
0.05 M Bis-Tris, 0.1 M acetate and suitable Mn^+ at 37 C, pH 8.0, with or without 
1.5 iiM Cd'+. The PPMlA/PPMlG-catalyzed p-ERK dephosphorylation was halted 
by boiling in SDS buffer at 100' C for 10 min, and the extent of the reaction was 
analyzed by Western blotting with an anti-ppERK-pT^^^pY^"^ antibody. 

Cell Culture, Transfection, and Immunoblotting. Human kidney 293 cells were 
cultured in DMEM supplemented with 25 mM glucose, 10% fetal bovine serum, and 
1% penicillin/streptomycin'*^ in a humidified incubator at 37"C with 5% CO2. The 
fuU-length wUd-type PPMIA, PPMIG and D239K mutant sequences were subcloned 
into the pcDNA3.1/flag plasmid, and HEK293 cells were transfected with these 
plasmids using Lipofectamine 2000 (Invitrogen). At 36 hours after transfection and 
after 12 hours of starvation, the cells were incubated with 1.5 |J.M CdCl2 for 6 hours 
and then stimulated with 5 ng/ml EGF for 5 min or 0.4 M sorbitol at 37"C. 
Subsequently, the cells were washed twice with cold PBS and then collected in cold 
lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EGTA, 
1 mM Na3V04, 50 mM NaF, 0.25% (m/v) sodium deoxycholate, 10% (v/v) glycerol, 
protease inhibitor cocktail tablet and 5 mM lAA)^^. The cells were lysed on ice for 
30 min and then centrifuged at 12000 rpm for 20 min at The protein 
concentrations of the samples were determined using the BCA Protein Quantitation 
Kit. Equal amounts of lysate proteins were denatured in 2X SDS loading buffer and 
then boiled for 10 min. The cell lysates were subjected to SDS-PAGE, transferred to a 
nitrocellulose membrane and immunoblotted with the appropriate antibodies. 

Cell Cycle Assay. HEK293 cells were cultured in DMEM containing 10% fetal bovine 
serum and antibiotics in a humidified incubator at 37 C with 5% CO2. The cells were 
seeded at 1.5*10^ cells per 6 cm plate. At 36 hours after transfection with the PPMIA 
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construct and after 12 hours of starvation, the cells were incubated with 1.5 )iMCdCl2 
for 24 hours. Then, the cell cycle was resumed by adding medium containing 10% 
FBS. The cells were harvested, fixed with 75% ethanol at 4 'C overnight, and re- 
suspended in phosphate-buffered saline containing 0.1% NaNs. Propidium iodide 
(50 jJ-g/ml) was added for nuclear staining, and the cells were analyzed using a 
fluorescence- activated cell sorter (FACS Calibur, Becton Dickinson). 

Data analysis. The data analysis was conducted with ImageJ software, GraphPad 
Prism 5 software, ModFit LT software and WinMDI 2.9 software. All data are 
presented as the mean ± standard error, and statistical comparisons were made with 
ANOVA and a two-tailed Student's l-test using GraphPad Prism 5. 
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